Background: Spatial structure of plants in a population reflects complex interactions of ecological and evolutionary processes. For dioecious plants, differences in reproduction cost between sexes and sizes might affect their spatial distribution. Abiotic heterogeneity may also affect adaptation activities, and result in a unique spatial structure of the population. Thus, we examined sex-and size-related spatial distributions of old-growth forest of dioecious tree Torreya nucifera in extremely heterogeneous Gotjawal terrain of Jeju Island, South Korea. Methods: We generated a database of location, sex, and size (DBH) of T. nucifera trees for each quadrat (160 × 300 m) in each of the three sites previously defined (quadrat A, B, C in Site I, II, and III, respectively). T. nucifera trees were categorized into eight groups based on sex (males vs. females), size (small vs. large trees), and sex by size (small vs. large males, and small vs. large females) for spatial point pattern analysis. Univariate and bivariate spatial analyses were conducted. Results: Univariate spatial analysis showed that spatial patterns of T. nucifera trees differed among the three quadrats. In quadrat A, individual trees showed random distribution at all scales regardless of sex and size groups. When assessing univariate patterns for sex by size groups in quadrat B, small males and small females were distributed randomly at all scales whereas large males and large females were clumped. All groups in quadrat C were clustered at short distances but the pattern changed as distance was increased. Bivariate spatial analyses testing the association between sex and size groups showed that spatial segregation occurred only in quadrat C. Males and females were spatially independent at all scales. However, after controlling for size, males and females were spatially separated. Conclusions: Diverse spatial patterns of T. nucifera trees across the three sites within the Torreya Forest imply that adaptive explanations are not sufficient for understanding spatial structure in this old-growth forest. If so, the role of Gotjawal terrain in terms of creating extremely diverse microhabitats and subsequently stochastic processes of survival and mortality of trees, both of which ultimately determine spatial patterns, needs to be further examined.
Background
The spatial structure of plants in a population reflects complex interactions of ecological and evolutionary processes (Epperson 2005) . Processes that can generate plant spatial patterns include intra-and interspecific interactions (Stoll and Bergius 2005; Nanami et al. 2011 ), environmental heterogeneity (Zuo et al. 2008) , breeding systems (Bleher et al. 2002) , and disturbances (Wolf 2005; Rayburn and Monaco 2011) . By analyzing spatial patterns of individuals, it might be possible to identify physical conditions and competitive factors contributing to the spatial structure of a population (Bell et al. 1993; Law et al. 2009; . For example, clumped pattern most frequently observed in natural populations has been interpreted as evidence of positive interactions among individuals (Callaway 1995) , patch distributions of resources (Schenk et al. 2003; Perry et al. 2009 ), and seed dispersion by gravity (Bleher et al. 2002; Gao et al. 2009 ).
Previous studies on spatial patterns of plants have focused on hermaphrodite or monoecious species whose parent plants can produce seeds (Nanami et al. 1999; Benot et al. 2013; Cheng et al. 2014 ). On the other hand, studies on the influences of dioecy consisting of separate male and female plants on spatial structure of tree populations are relatively limited (Gibson and Menges 1994; Hultine et al. 2007; Garbarino et al. 2015) . For dioecious plants, spatial distribution of mature males and females is crucial to population survival because they can only reproduce by outcrossing (Bawa 1980 ; Thomson and Barrett 1981; Osunkoya 1999) . Furthermore, females tend to allocate a greater proportion of resources to sexual reproduction than to growth and maintenance compared to males (Lloyd and Webb 1977; Opler and Bawa 1978; Delph 1999; Obeso 2002) . Differences in reproductive cost between sexes may result in differential fitness between sexes across environmental gradients. Such differences can subsequently generate spatial segregation of sexes (SSS) (Bierzychudek and Eckhart 1988; Nuñez et al. 2008) . In other words, females with resource limitations due to high reproductive costs will occupy more favorable or less stressful conditions regarding elevation (Garbarino et al. 2015) , water availability (Ortiz et al. 2002) , and/or soil fertility (Lawton and Cothran 2000) . For example, female Acer negundo (Dawson and Ehleringer 1993) , Juniperus virginiana (Lawton and Cothran 2000) , and Salix glauca (Dudley 2006) are found on sites with relatively greater amounts of moisture. However, conflicting results relevant to SSS have recently been documented in several plant species (Ueno et al. 2007 , Schmidt 2008 , Gao et al. 2009 , Forero-Montaña et al. 2010 Garbarino et al. 2015) .
Some studies on sex-related size (or age) structures of dioecious species have been published (Goto et al. 2006; Zhang et al. 2010; Gabarino et al. 2015) . Reproductive costs are age-specific and reproductive investment is variable during lifespan of plants (Silvertown and Dodd 1999; Montesinos et al. 2006) . Nanami et al. (2005) have reported that dioecious individuals tend to shift from clumped distribution to random distribution as tree size increases due to density-dependent mortality caused by intraspecific competition. Therefore, interactions between sex and size in dioecious species should be considered in spatial structure study of dioecious population.
Torreya nucifera (Taxaceae) is a dioecious gymnosperm currently distributed in southern parts of South Korea and Japan. The largest (n = 2861) and oldest (mostly 200-400 years old, max.~880 years old) population of T. nucifera in the world (Torreya Forest hereafter) is located in Jeju Island, South Korea. In a previous study by Kang and Shin (2012) , the Torreya population in Jeju Island could be separated into three sites depending on sex ratio and DBH (diameter at breast height). Abiotic heterogeneity influences adaptation activities such as competition, growth, and mortality of individuals, resulting in a unique spatial structure of the population (Scarano 2002; Zuo et al. 2008; Perry et al. 2009 ). Gotjawal terrain where Torreya Forest exists is a unique volcanic area with lava blocks scattered extremely disorderly (Jeon et al. 2012) . Thus, Gotjawal terrain with severe topographic heterogeneity generates highly diverse microclimate (Choi and Lee 2015) . Furthermore, Gotjawal terrain represents poor soil development and oligotrophic and stressful environment to plants. Therefore, current spatial structure of Torreya Forest is likely to reflect the long history of its survival and mortality in such a harsh environment. However, the spatial structure of Torreya Forest has not been examined so far.
As plants are sessile, their survival is mostly determined at quite a local scale, even at a scale of a few centimeters, by both biotic and abiotic factors rather than by spatial average of its overall population (Stoll and Prati 2001; Benot et al. 2013) . If so, dioecious sexual system of T. nucifera trees, size difference among their three sites, and complexity of the terrain should all be considered in the study of spatial structure of Torreya Forest in Jeju Island. In this study, the following aspects were examined: (1) the distribution pattern of T. nucifera trees according to sex and size at each site, (2) the site differences in those distribution patterns, and (3) the pattern of spatial segregation of sexes and sizes at each site.
Methods

Study species and site
Torreya nucifera (Taxaceae) is a dioecious evergreen gymnosperm that can grow up to 25 m in height. Its pollination occurs in April and green fleshy aril-covered seeds mature in the fall one year after pollination. Various parts of this tree have traditionally been used. For example, its wood has been used for furniture and its seeds have been used for anthelmintic and oriental medicines and oil.
Torreya Forest (Natural Monument No. 374 in South Korea) is located in Jeju Island (33°29′ N, 126°48′ E) (Fig. 1a) . This forest (44.8 ha in area, 143 m mean a.s.l.) extends 1.4 km in the north-south direction with a width of 0.6 km. It is located between two small volcanoes: Darangshioreum (382.4 m a.s.l.) and Dotoreum (a volcano near the southern end of the population; 284.2 m a.s.l.). In 1999, all T. nucifera trees with DBH ≥ 6 cm were tagged and tending was started for 11 plots along trails within the forest (Fig. 1b) . Torreya Forest terrain is defined as GujwaSeongsan Gotjawal, a transition lava zone distributing both pahoehoe and aa lava flows (Jeon et al. 2012 ). Although T. nucifera is a domonant species in this forest, the Forest consists of diverse evergreen trees with a total of 276 plant taxa, including Mallotus japonicus, Machilus thunbergii, Orixa japonica, and Polystichum tripteron [Korea Tree Health Association (KTHA) 1999; Lee 2009; Shin et al. 2010; Choi and Lee 2015] . Figure 2 demonstrates characteristic features of wild Torreya Forest. According to 2007-2016 data from Gujwa Regional Meteorological Office close to the Torreya Forest, the mean monthly temperature ranges from 5.3°C in January to 26.7°C in August (mean annual temperature, 15.7°C). Its mean annual precipitation is 1774.2 mm with a peak in August (307.8 mm) with mean annual wind speed of 4.0 m/s (Korea Meteorological Administration 2017).
Data collection
The planimetric map was transformed into an image file through high-resolution scanning using a survey map of the location of T. nucifera trees (KTHA 1999). Warping was performed by assigning coordinates to each edge. Digitizing process was then used to obtain coordinates for 2861 individuals (1498 males and 1363 females). By inputting attribute values such as sex, DBH, and sites for each individual, a database of location and ecological traits of T. nucifera trees was completed. Sex and DBH data were obtained from KTHA (1999) and Lee (2009) . Torreya Forest exhibited a gradient of sex ratio and DBH from the southern end to the northern end of the forest. In this study, we analyzed spatial patterns of T. nucifera trees based on the three sites defined by Kang and Shin (2012) . Numbers, sex ratio, and DBH of T. nucifera trees in the three sites are shown in Table 1 . ArcGIS Ver. 9.3. (ESRI 2008) was used for all analyses described above.
In Torreya Forest, there are somewhat unnatural spaces where T. nucifera trees are absent or scant due to the planting of Pinus thunbergii trees and various herbaceous plants, paved entrance, and trails. Therefore, a quadrat (160 × 300 m) was established in each of the three sites to represent the typical local condition ( Fig.  3a) : quadrat A for Site I, quadrat B for Site II, and quadrat C for Site III. The distribution of T. nucifera trees according to sex and size (DBH) in each quadrat is shown in Fig. 3b .
Data analyses
T. nucifera trees were categorized into eight groups based on sex (males and females), size (small trees, DBH < 50 cm; and large trees, DBH ≥ 50 cm), and sex by size (small males, large males, small females and large females) for spatial point pattern analysis.
O-ring statistics O(r) was employed to describe the average density of points at a distance of r (Wiegand and Moloney 2004; Law et al. 2009 ). Value of O(r) was calculated as follows. Around each individual data point, numerous circles with radius r were drawn and the correlation between the average number of individuals within numerous circles and radius r was deduced to determine the O value. O-ring statistics included univariate and bivariate analyses (Lee 2009 ) were categorized into three sites depending on the sex ratio and DBH gradient by Kang and Shin (2012) : Site I in the southern part of the forest including plots 3-5, Site II in the middle part including plots 2-7, and Site III in the northern part including plots 1, 8, 9, and 10 patterns of T. nucifera trees within two sexes and/or two size groups (e.g., male, female, small, and large) in Torreya Forest. O 12 (r) was used to determine whether there was a spatial relationship between the two sexes and/or the two size groups (e.g., males vs. females and small vs. large trees). To conduct significance test for O(r) value at each distance r, null hypothesis was formed using complete spatial randomness (CSR). Then 95% confidence intervals for both univariate and bivariate analyses were computed from 999 Monte Carlo simulations. If O(r) value was above the CSR value, individuals were considered to be clumped. It O(r) value was within 95% confidence intervals, individuals were considered to be randomly distributed. If it was below the CSR value, individuals were considered to be regularly distributed. All calculations and simulations were performed using PROGRAMITA software (Wiegand and Moloney 2004) .
Results
Ecological characteristics of the three sites
Ecological characteristics such as sex ratio, size, and density of T. nucifera trees in each quadrat are shown in Table 2 . T. nucifera trees of quadrat A (at Site I) were male-biased (sex ratio = 0.62). Large trees were about four times more abundant than small trees (n = 241 vs. 62). The mean DBH was relatively large whereas its average density was the lowest among the three quadrats. On the other hand, T. nucifera trees in quadrat B (at Site II) and C (at Site III) showed a 1:1 sex ratio and somewhat higher density than quadrat A. In addition, in quadrat C, T. nucifera trees had the smallest mean DBH, and small trees were more abundant than large trees (n = 230 vs. 177).
Univariate spatial analyses
Univariate analyses showed that spatial patterns of T. nucifera trees differed between groups (e.g., male vs. female, small vs. large) of each quadrat (Figs. 4, 5 and 6 . In quadrat A, all trees and eight groups of T. nucifera showed random distribution at all scales (Fig. 4) . In quadrat B, all trees demonstrated random distribution at all scales. However, when sex and size were considered, spatial pattern changed. Males were randomly distributed at all scales while females were weakly clumped at 0-17 m (except for 8-10 m). Small trees were randomly distributed at all scales while large trees were clumped (2-23 m) or regularly (54-58 m) distributed at some distances. By assessing univariate patterns of four groups of sex by size, small males and small females were distributed randomly at all scales. However, large males and large females were clumped at 0-16 m scales. Finally, all groups in quadrat C were clumped at short distances. They were distributed randomly or regularly as the distance was increased. When sex and size were combined, males (0-32 m) clumped more strongly than females (0-12 m) in the small tree group whereas females (0-24 m) clumped more strongly than males (0-17 m) in Sex ratio = male/(male + female); Density = trees/ha; DBH diameter at breast height (*) P = 0.0510; * P < 0.05; ** P < 0.01; *** P < 0.0001; NS not significant the large tree group. Thus, spatial patterns of T. nucifera trees varied among three quadrats. 
Bivariate spatial analyses
Bivariate analyses for spatial associations between sexes and/or size groups showed that spatial segregation occurred only in quadrat C (Fig. 7) . Males and females were spatially independent at all scales. Significant spatial segregation was observed between small and large trees (4-22 m). When combination groups of sex and size were examined, repulsion between groups was notable: small males vs. small females at 50-60 m scales; large males vs. small females at 12-17 m scales; small 
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Sex ratio = male/(male + female); Density = trees/ha; DBH, Small = DBH < 50 cm, Large = DBH ≥ 50 cm *** P < 0.0001; NS not significant 
Discussion
Spatial patterns of individual T. nucifera trees within and among sites
This is the first study to reveal the spatial pattern of old trees that have survived for several hundreds of years in almost natural conditions in Korea. Individual trees of T. nucifera in Torreya Forest were distributed randomly, clumped, or regularly with each other depending on the sites examined. Site I at the southern end of Torreya Forest, adjacent to a small volcano called Dotoreum (284.2 m a.s.l.), is characterized by relatively large proportion of oldaged trees. Many studies on dioecious species have reported that there is a difference in distribution pattern of individuals according to sex Chen et al. 2014; Garbarino et al. 2015) . However, both male and female trees of T. nucifera were randomly distributed in quadrat A, not supporting sex-specific segregation between male and female trees. Random distribution of both sexes has also been reported in the old-growth plot of Acer barbinerve (Pan et al. 2010) . Several studies in recent years have also emphasized the effects of both biotic and abiotic conditions on plant spatial patterns. For example, old trees tend to be randomly distributed as a result of stochastic mortality and intra-or interspecific competition for resources (Nanami et al. 2005) . Dying seedlings under large trees are frequently found in Torreya Forest. Even if seedlings were initially clumped around female trees, only small gaps randomly scattered in Gotjawal terrain may allow seedlings to survive and finally can generate a random dispersion pattern.
Site II, corresponding to the middle area of the forest, showed intermediate values in sex ratio and size between Site I and Site III (Kang and Shin 2012) . It has been reported that as the size of plant is increased, the clumped pattern is generally weakened Cheng et al. 2014) . Recently, Garbarino et al. (2015) showed that large males and females of Taxus baccata, which is phylogenetically related to T. nucifera, were randomly distributed while small trees were mostly clumped. However, in quadrat B, regardless of sexes, small trees of both sexes were randomly distributed while large male and female trees were clumped at 0-16 m scales Fig. 3 a Location of the three quadrats (160 × 300 m) in Torreya Forest. b Distribution of T. nucifera trees according to sex and size groups in each quadrat: small males (DBH < 50 cm, △), large males (DBH ≥ 50 cm, ▲), small females (DBH < 50 cm, ○), and large females (DBH ≥ 50 cm, •) (Fig. 5) . The clumped patterns of large trees are in contrast to the results as mentioned above. However, several authors suggest that the increase in the clumped pattern with age might be attributable to interspecific competition (Nanami et al. 2011) , differential mortality of juveniles (Briggs and Gibson 1992) , and clonal structure (Peterson and Squiers 1995) . This forest is mixed with diverse broad-leaved plants and P. thunbergii. Lee (2005) recognized that interspecific competition greatly reduced the vigor of T. nucifera trees. The fact that the vigor of trees, especially female trees, was significantly improved after removal of epiphytes from the canopy of T. nucifera trees (Kang and Shin 2012 ) also supports the importance of interspecific competition. The influence of competition on the clumping of large trees in Site II remains to be tested because we did not examine the density or distance between neighboring trees in this site.
Site III in the northern part of the forest is characterized by relatively small trees and more females than males than in other sites (Kang and Shin 2012) .
Individual trees in quadrat C were clustered at short distances and distributed randomly or regularly as distance increased (Fig. 6) . Even when combining sex and size, males (0-32 m) clumped more strongly than females (0-12 m) in small trees but females (0-24 m) clumped more strongly than males (0-17 m) in large trees. In other words, consistent spatial patterns across sex and size groups do not exist at all in this site. A simple adaptive explanation for such complex patterns may not be possible at this stage.
In this forest, anthropogenic activities have been controlled for several hundreds of years (Kim 1985 , Shin et al. 2010 . However, we speculate that Site III might have been sporadically subjected to severe disturbances by human activities such as logging. This is particularly likely because this site (Site III) is located near the entrance to the forest which is very easy to access compared to Site I near a small volcano. The most convincing evidence for artificial planting in this site comes from aerial photos taken from 1967 to 2015 (Fig. 8) . In 1967, it appeared that certain locations at Site III were largely free of vegetation. Fig. 4 Spatial patterns of T. nucifera trees in univariate analyses in quadrat A. Analyses were conducted for all trees pooled over sex and size groups, separately for each sex and size groups, and then for combination groups of sex and size (e.g., small males, large males, small females, and large females). Solid lines indicate O 11 (r) value from each analysis; dashed lines indicate 95% confidence envelopes regarding the random spatial structure null hypothesis Since then, its vegetation coverage has increased significantly until 2015. Such drastic changes in vegetation coverage at those locations are not expected to occur by natural regeneration because it takes about 54 years for the DBH of T. nucifera to grow up to 6 cm DBH (Lee 2005) . Thus, those photos are highly likely to reflect that artificial planting occurred intensively around 1970s when the Korean government pushed a strong reforestation policy on a nationwide scale. Kang and Shin (2012) provided another piece of evidence for artificial planting in this site. In their study, some plots at Site III are deviated quite a bit from the site's sex ratio and mean size. For example, plot 10 (Fig. 1b) which was almost a vacant area in the aerial photo (Fig. 8a) consists of smaller trees than other plots and its density (114.7 trees/ha) being twice as high as the average population density of 67.6 trees/ha. If T. nucifera trees were planted during the 1970s, planting would be concentrated in less rocky localities covered with some soils, perhaps being responsible for clumped spatial patterns at a fine scale as detected in this study. Unfortunately, written documents regarding the reforestation of T. nucifera trees are not available to confirm this inference.
Spatial segregation of sexes in T. nucifera
The SSS expected under the hypothesis of high reproductive cost of females has been reported in > 30 species from 24 families of seed plants (Barrett and Hough 2013) . In this study, SSS occurred only in Site III, e.g., between small males vs. small females (50-60 m scales), large males vs. small females (12-17 m scales), small males vs. large females (0-22 m scales), and large males vs. large females (37-60 m scales) (Fig. 7) . SSS detected only in the site with small trees with the highest density is analogous with the case of Fraxinus mandshurica. In dioecious F. mandshurica, spatial segregation between sexes was found in the secondary forests, but not in the old-growth . They ascribed a lack of SSS in old-growth forest of F. mandshurica to sexspecific responses to microenvironments. In this study, Site I trees which were larger than ones in other sites were randomly distributed regardless of sex and size groups. 5 Spatial patterns of T. nucifera trees in univariate analyses in quadrat B. Analyses were conducted for all trees pooled over sex and size groups, separately for each sex and size groups, and then for combination groups of sex and size (e.g., small males, large males, small females, and large females). Solid lines indicate O 11 (r) value from each analysis; dashed lines indicate 95% confidence envelopes regarding the random spatial structure null hypothesis Currently, it is unknown whether Site I trees exhibit sexdifferential responses to microenvironments.
Influence of the rocky Gotjawal terrain
Diverse spatial patterns of T. nucifera trees across the three sites may imply both biotic and abiotic effects in this forest. Most of all, the role of Gotjawal terrain in terms of creating extremely diverse microhabitats, and subsequently, stochastic processes of survival or mortality of trees need to be emphasized. In stressful habitats such as the rocky coasts and alpine forests, spatial structure largely depends on constraining factors such as topography and disturbances (Camarero et al. 2000; Scarano 2002; Humphries et al. 2008) . If so, we can draw a couple of inferences regarding the ecological role of Gotjawal terrain. Firstly, it seems that Gotjawal terrain is a major component affecting the distribution pattern of trees. In highly diverse microhabitats at small scales created in Gotjawal terrain, it may be difficult to expect a formation of resource gradient such as moisture or soil nutrients. That means, SSS would be difficult to expect. Furthermore, rocks and thin soils in Gotjawal terrain may cause stochastic processes over the survival and mortality, and consequently affecting spatial patterns of T. nucifera trees. Secondly, T. nucifera trees may have to respond to multiple stressors in circumstances with scattered lava blocks and little soil. Thus, diverse spatial patterns of T. nucifera trees may be an outcome of biotic as well as abiotic interactions that have occurred for hundreds of years.
Despite that this forest has been known to be a natural forest for such a long time, we found a new evidence for artificial interference in some plots especially near the entrance area. The rocky topography of Gotjawal terrain is certainly a component that has protected the historical and valuable T. nucifera trees in Jeju Island. Understanding of the spatial patterns of T. nucifera trees will help provide indispensable information on the interactions between trees on a stressful Gotjawal terrain. In order to figure out the biotic and abiotic factors affecting spatial patterns, it is also necessary to understand the tending and planting history in this forest. Fig. 6 Spatial patterns of T. nucifera trees in univariate analyses in quadrat C. Analyses were conducted for all trees pooled over sex and size groups, separately for each sex and size groups, and then for combination groups of sex and size (e.g., small males, large males, small females, and large females). Solid lines indicate O 11 (r) value from each analysis; dashed lines indicate 95% confidence envelopes regarding the random spatial structure null hypothesis Fig. 7 Spatial patterns of T. nucifera trees in bivariate analyses in quadrat C. Analyses were conducted for all trees pooled over sex and size groups, separately for each sex and size groups, and then for combination groups of sex and size (e.g., small males, large males, small females, and large females). Solid lines indicate O 12 (r) value from each analysis; dashed lines indicate 95% confidence envelopes regarding the random spatial structure null hypothesis a b c d 
Conclusions
Individual trees of dioecious T. nucifera were randomly distributed in an old-growth forest with over several hundreds of years of history. However, when the spatial relationship was assessed for sex and size groups, spatial patterns of trees tended to differ among the three sites within the forest, and spatial segregation was notable only in one site of which density was the highest among the three sites and artificial planting occurred several decades ago. Considering the extremely heterogeneous topography and thin soils of Gotjawal terrain, it may not be possible to expect SSS shown in many other dioecious species. We did not directly examine the topographic features and its ecological effects in this study. Incorporation of topological traits in Torreya Forest in spatial pattern analyses would be rewarding to identify biotic and abiotic effects affecting plant spatial distribution.
Abbreviations DBH: Diameter at breast height; KTHA: Korea Tree Health Association; SSS: Spatial segregation of sexes
